Bedding is a special structure of coal, which has notable effects on the mechanical parameters of coal and on the hydraulic fracture propagating in coalbed methane reservoirs. To study the effects of bedding on anisotropic characteristics of coal fracture toughness, three-point bending tests have been carried out on raw coal specimens. The results indicate that fracture toughness and failure modes of the specimens both have strong anisotropy due to bedding. A geological geomechanical model of a coalbed methane (CBM) reservoir is built taking into account the effect of bedding to study the hydraulic fracture propagation and the influence of bedding on the fracture network. The hydraulic fracture initiates at the end of the perforation and tends to bifurcate and swerve at the bedding to produce induced fractures. Ultimately, these fractures form a complicated fracture network. The fracture toughness of bedding has great influence on hydraulic fracture geometry. The fracture is likely to bifurcate and swerve at the bedding to form multiple secondary fractures with larger bedding fracture toughness.
IN coalbed methane (CBM) reservoirs the bedding always fractures before the matrix for its weak cementation 1, 2 . This has a significant impact on the reservoir exploitation, mechanical properties, stress distribution of borehole surrounding rock and crack initiation 3, 4 . Complex fracture geometry can be formed at bedding during hydraulic fracture propagation 5, 6 . Therefore, it is of great significance to study the effects of bedding on hydraulic fracture propagation in CBM reservoirs. Several studies have been carried out in related fields.
Jeffrey et al. 7 studied the influence of bedding, face cleats and joints on the fracture geometry. Gu et al. 8 proposed an interfacial slip model based on the displacement discontinuity method. Cho et al. 9 studied the influence of transverse isotropic plane on deformation and strength anisotropy of Boryeong shale. Liu et al. 10 comprehensively studied the influence of horizontal bedding on tensile and compressive mechanical properties in a coal seam. Guo et al. 11 confirmed that a fracture network can be easily formed in shale when hydraulic fracture does not extend along the natural bedding plane. Heng et al. 12 studied the effect of bedding plane orientations on shear strength of shale. Jiang et al. 13 simulated hydraulic fracturing by carrying out true triaxial tests on cubic raw coal specimens. Ma et al. 14 studied the effect of bedding on the anisotropic permeability of shale. Zou et al. 15 concluded the bedding had notable effects on injection pressure and hydraulic fracture height during hydraulic fracturing in shale formation. However, the effects of bedding on hydraulic fracturing in CBM reservoirs are relatively rare. This leads to the effects of bedding on the fracturing in CBM reservoirs not being well understood.
On account of the complex structural characteristics of bedding in CBM reservoirs, the anisotropy of mode I fracture toughness is analysed based on stress field distribution characteristics of a crack tip in an anisotropic material. Three-point bending tests have been carried out on samples cored from Jiaozuo coal mine. The mechanical properties are obtained and the effects of bedding on the anisotropic characteristics of the coal seam are investigated. To study the effects of bedding on the hydraulic fracturing, a geological geo-mechanical model based on the target reservoir geological characteristic is developed using RFPA (realistic failure process analysis) software 16 . The propagation rules of cracks and the influence of bedding on the fracture network in a CBM reservoir are analysed. Research results can provide a reference to understand the important role of bedding in forming the network cracks in CBM reservoirs during hydraulic fracturing.
A CBM reservoir has the characteristic of strong brittleness and very poor plasticity. Hence the instability extension of a hydraulic fracture can be analysed based on linear elastic fracture mechanics (LEFM) 17 . Stress intensity factor is not only an important parameter to express the crack-tip stress, but an important index to judge the crack instability state in LEFM 18 . Therefore, it is of great significance to analyse the distribution characteristics of the crack-tip stress field in an anisotropic material, understand the anisotropy of coal rock fracture toughness, and further study the complex extension rule of a hydraulic fracture. Figure 1 shows the local coordinate 
where E 1 is the elasticity modulus in transverse isotropic plane, Pa; E 2 stands for the elasticity modulus perpendicular to E 1 , Pa; G 12 is the shear modulus perpendicular to E 1 , Pa; v 2 is the Poisson's ratio perpendicular to E 1 , Pa. The asymptotic solutions of the crack tip stress field are Re 2
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where ij a is the flexibility coefficient under the local coordinate system x-O-y; K I is mode I stress intensity factor, MPa . m 0.5 ; K II is mode II stress intensity factor, MPa . m 0.5 ;  is the included angle of material main direction 1 and x axis, degree;  i is the material characteristic parameter related to coordinate system, i=1, 2.
Equation (1) shows that: (1) The same as for an isotropic material, the crack tip stress in the anisotropic material has the singularity of r -1/2 on the condition of r  0, and stress field strength is also determined by the stress intensity factor. (2) The distribution of stress and the displacement field depend not only on , but also relate to the elastic coefficient of the anisotropic material. For the anisotropic material, anisotropy not only influences the distribution of stress and displacement, but also the intensity of stress field and displacement field, which means they affect the value of the stress intensity factor. The stress intensity factor can be expressed by fracture toughness which reflects crack instability and propagation ability 21 . The stratum tends to develop shear fracture along initial fissure under the condition of certain formation characteristics (initial fissure, distribution characteristic and stress state), especially when the difference between maximum and minimum in situ stress is large, the angle between initial fissure and principal stress is about 30-60 and low viscosity fluid is injected. Even if a shear fracture appears first, the tension fractures along the fracture plane are still mainly formed during the fracture propagation. The unstable propagation of tensile cracks mainly occurs in the matrix. Therefore, we assume the hydraulic fracture extension is mainly the unstable propagation of a type I crack to discuss the hydraulic fracture propagation rules in CBM reservoirs. The fracture toughness of type I cracks only is considered to study its anisotropy in a coal seam.
From the previous analysis, the critical values of mode I stress intensity factor are the fracture toughness of principal directions 1 and 2 when  is 0 and 90 respectively. In direction 1 along and direction 2 perpendicular to bedding respectively, the corresponding fracture toughness values can be obtained by three-point bending tests.
All the coal samples are taken from the Shanxi group II coal seam in Jiaozuo coal mine of Henan province, China. The coal seam is very thick (the average thickness is about 9 m), and has simple structure and distributional stability. Its depth is about -1070 m to -1080 m.
To study the influence of bedding on coal fracture toughness and predict the micro fractures propagation process, we carried out three-point bending tests. Because of the anisotropy of the coal, the angles between drilling direction and bedding plane have been selected as 0 and 90. Figure 2 is a schematic diagram of the directional coring. The dashed line indicates bedding.
The cylindrical specimens used in the tests have the diameter and height of 50 and 200 mm respectively. For the specimen notch we adopt a longitudinal notch form. Its depth and width are 20 and 1.5 mm respectively 22 . A multi-functional rock testing system (RMT) is used to carry out three-point bending tests on raw coal specimens with different bedding angles. The samples are divided into two groups based on the relative location of bedding and notch plane. In one group the notch plane is perpendicular to the bedding, and in the other group the notch plane is parallel to the bedding. Each condition of test is performed on at least three samples, and the average of the test result is taken.
The fracture toughness is given by 
where K IC is the fracture toughness, MPa m 0.5 ; S d is the distance between two supporting points, which is 160 mm during tests; D stands for specimen diameter, mm; P max is the peak load, N; a is the notch depth, mm.
From eqs (14) and (15), fracture toughness depends only on sample dimensions, notch geometry and failure load. Based on calculation formulas, three-point bending test results are listed in Table 1 . Table 1 shows that fracture toughness is the largest (0.364 MPa m 0.5 ) when the notch plane is perpendicular to bedding, which means that the matrix has maximum fracture toughness. The minimum fracture toughness is 0.120 MPa m 0.5 , when the notch plane is parallel to bedding, which reveals that bedding is a weak interface. The former is about three times of latter, which fully reflects the anisotropy of coal fracture toughness. Based on the above test results, bedding has a weak ability to prevent fracture initiation and propagation. If a hydraulic fracture extends perpendicular to bedding, it is extremely likely to have bifurcation and diversion at the bedding. Figure 3 shows three-point bending typical fracture styles for different orientations of notch plane and bedding. Coal specimens rupture mode basically shows two types of failure: (1) notch plane perpendicular to bedding. The fracture does not initiate at the tip of the notch. Instead it initiates along the bedding, near the notch tip. The fracture propagates along the bedding under the action of the applied load. A vertical diversion produces the secondary fracture, which propagates approximately parallel to the direction of notch depth. Ultimately, the broken sample contains two approximately vertical fractures. (2) Notch plane parallel to bedding. The fracture initiates at the tip of the notch and propagates along the prefabricated crack until complete break. It shows no deviation of fracture path. The failure sample forms a straight extension path, and the specimen breaks into two approximately equal parts. The fracture surface is the coal bedding, which is flat and smooth.
The main reason that causes the anisotropy of coal rock fracture toughness is the anisotropy of the toughening effect. For layered sedimentary rock, the main toughening mechanisms throughout the fracturing process are bedding cracking, fracture path deviation and delamination peeling. When the notch is perpendicular to the bedding, bedding cracking and fracture path deviation are the reasons why fracture toughness has the maximum value during fracture propagation. When the notch is parallel to the bedding, the fracture propagates along bedding, which has no toughening mechanism. The bonding strength of bedding is low. Bedding has weak ability to prevent fracture extension, so fracture toughness has the minimum value.
A geological geomechanical model used to predict the propagation of fractures during hydraulic fracturing is built by finite element software RFPA 16 . The model is used to study the propagation rules of cracks and the influence of bedding on fracture network. Parameters used in numerical simulation are based on test results. The results can provide a reference basis for the fracture propagation rule and the geometry of fracture networks of CBM reservoirs during hydraulic fracturing.
To ensure that input parameters of the numerical model truly represent actual formation, the average values of coal rock matrix and bedding determined in laboratory tests are used. Table 2 lists the mechanical parameters of matrix and bedding.
According to geological data, the angle between bedding and horizontal plane is 18-35. To simplify the calculation, the angle is valued as 30 in numerical simulations. The hydraulic pressure is increased at a rate of 0.1 MPa by single steps until the stratum ruptures completely to form a number of hydraulic fracture channels. The fracturing fluid is water with the density and the injection rate of 1000 kg/m 3 and 0.5 ml/s respectively. Taking the cross-section perpendicular to wellbore as the research object, the calculation model of a well with perforation completion is established. The numerical model and its boundaries are shown in Figure 4 . The model is a square with a side length of 10 m, and the wellbore diameter is about 0.2 m. The distance between the wellbore and the boundary is more than 10 times larger than the wellbore diameter, which could effectively reduce the boundary effect on the calculation results. There are 300  300 elements in the model, and the perforation depth is 150 mm, perpendicular to bedding. The horizontal in situ stresses are applied on two sides of the model, and the displacement boundary is applied on the other two sides. The matrix and bedding are parallel and they alternate. The matrix is with a lighter colour and wider range, while the bedding has darker colour and narrower scope, as also marked in Figure 4 . To reflect the actual characteristics of coal rock, the elasticity modulus of the model is not a fixed value to consider the influence of randomness.
The crack propagation in CBM reservoir during hydraulic fracturing is shown in Figure 5 . With the fracturing fluid being injected into the formation continuously, the hydraulic fracturing cracks at both ends of the perforated interval and the fracture extends along the perforation direction (Figure 5 a) . When the fracture extends to the bedding, bifurcation and diversion of the hydraulic fracture take place because of the low strength and high permeability of bedding. The induced fractures are produced along the bedding, while the major fracture still extends perpendicularly to the bedding, but with much lower fracture propagation speed (Figure 5 b) . After the induced fracture propagates for a certain distance along the bedding, the fracturing fluid cannot maintain the rapid extension of the cracks because of high leak-off and energy consumed by the friction between the induced crack surfaces. So a new secondary fracturing crack forms along another bedding. The newly formed crack cannot stop the continuous extension of the major fracture and the original secondary fractures completely but reduces their extension speed ( Figure 5 c) . Ultimately, the complex hydraulic crack network is formed which prevents the fast propagation of hydraulic fractures. Increasing the injection rate is the only way to ensure continuous and rapid extension of major and secondary fractures to form a more complicated fracture network ( Figure 5 d) .
To study the effects of fracture toughness of bedding on hydraulic fracture, the fracture toughness of bedding is taken as 0.05, 0.10, 0.15 and 0.20 MPa m 0.5 respectively, while that of the matrix is set as 0.364 MPa m 0.5 . The other parameters used in the simulations are listed in Table 2 . The hydraulic fracture propagation geometry is shown in Figure 6 .
As shown in Figure 6 , the fracture toughness of bedding has great influence on hydraulic fracture geometry. When fracture toughness of bedding is larger, the hydraulic fracture is more likely to propagate perpendicular to the bedding, and the major fracture has bifurcation and diversion many times at the bedding to form multiple secondary fractures extending along bedding. With a decrease of bedding fracture toughness, the number of times of bifurcation and diversion at the bedding decreases, while the number of secondary fractures also gradually reduces. However, the propagation distance of secondary fractures along bedding increases gradually. This suggests that hydraulic fracture tends to propagate perpendicularly to the bedding, and has bifurcation and diversion to form complex fracture geometries on the condition of large fracture toughness of bedding. The secondary fracture tends to propagate along the bedding with simple fracture geometry on the condition of small fracture toughness of bedding. Therefore, hydraulic fracturing crack is likely to bifurcate and swerve at the bedding to form multiple secondary fractures in coal seam with larger bedding fracture toughness, which is beneficial to form a fracture network.
To summarize the results:
(1) The material anisotropy not only influences the distribution of stress and displacement at a crack tip, but also affects the intensities of stress field and displacement field, which are both determined by stress intensity factor and elastic constants.
(2) The fracture toughness of coal shows strong anisotropic characteristics at different bedding angles during three point bending tests. Bedding has a weak ability to prevent fracture initiation and propagation. The specimen rupture modes basically show two failure types.
(3) The hydraulic fracture initiates at the end of perforation due to tension fracturing, and it generates induced fractures at the bedding. The bifurcation and diversion of major fractures take place at the bedding during further extension. More newly induced fractures are formed, creating a complicated fracture network which achieves the purpose of CBM reservoir fracturing treatment.
(4) The fracture toughness of bedding has great influence on hydraulic fracture geometry. The fracture is likely to bifurcate and swerve at the bedding to form multiple secondary fractures with larger bedding fracture toughness, which is beneficial to form a fracture network.
